small number of species can grow heterotrophically on mono-or disaccharides. In cyanobacteria, NADPH is generated as a consequence of the photosynthetic electron transfer to NADP ϩ through ferredoxin or reactions catalyzed by NADP-dependent dehydrogenases (13) . Synechocystis sp. strain PCC 6803, a unicellular cyanobacterium, can grow on either CO 2 (autotrophically) or glucose (heterotrophically) or on both (mixotrophically). Its utilization of glucose involves glucose-6-phosphate (G6P) dehydrogenase and 6-phosphogluconate (6PG) dehydrogenase; both are NADPdependent dehydrogenases (30) . Like many other cyanobacteria, Synechocystis sp. PCC 6803 possesses two predicted NADK genes. In this study, we found that sll1415, as the primary NADKencoding gene, is required for the utilization of glucose and inhibits the expressions of sll1621, a type II peroxiredoxin gene, and slr1843, the G6P dehydrogenase gene in Synechocystis sp. PCC 6803.
MATERIALS AND METHODS
Strains, culture conditions, and transformation. Glucose-tolerant Synechocystis sp. strain PCC 6803 used in this study was obtained from J. Zhao of Beijing University. Synechocystis cells were grown in BG11 medium on a shaker (120 rpm) at 30°C with a photosynthetic photon flux density of 30 E m Ϫ2 s Ϫ1 . For mixotrophic growth, a final concentration of 5 mM glucose was added to the medium. For photoheterotrophic growth, a final concentration of 5 M 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) and 5 mM glucose were added to the medium. Kanamycin (10 g ml Ϫ1 ), spectinomycin (10 g ml Ϫ1 ), or erythromycin (5 g ml Ϫ1 ) was added to the medium as required.
The transformation of Synechocystis sp. PCC 6803 was performed as described previously (36) . The complete segregation of the mutants was confirmed by PCR using primers. The Synechocystis strains and primers used are listed in Table 1 . Em r Km r ; PCR fragment containing the 5= region of sll1415 amplified with primers gp189-7 and gp189-8 and cloned into pHB518 pHB762 Sp r ; PCR fragment containing 3= region of sll1415 amplified with primers gp189-9 and gp189-10 and cloned into pHB576 pHB787
Em r Km r Sp r ; the 5= region of sll1415 flanking kanamycin and erythromycin was excised with Sse8387I from pHB729 and cloned into the same site of pHB762 pHB1524
Ap r Sp r ; plasmid containing ⍀-P petE (9) pHB2970
Ap r Km r ; PCR fragment containing slr0400 and flanking regions amplified with primers slr0400-1 and slr0400-2, digested with BamHI, ligated with a C.K cassette excised with BamHI from pRL446, reamplified by PCR using primers slr0400-1 and slr0400-2, separated and purified on gel, and cloned into pMD18-T pHB2944 Ap r ; PCR fragment containing the ORF of sll1415 amplified with primers sll1415-1 and sll1415-2 and cloned into pMD18-T pHB2952
Ap r Sp r ; ⍀-P petE excised from pHB1524 with SalI and BamHI, blunted with T4 DNA polymerase, and cloned into XbaI-cut and T4 DNA polymerase-blunted pHB2944 to form ⍀-P petE -sll1415 pHB2960 Ap r ; PCR fragment containing sll1415 amplified with primers sll1415e-1 and sll1415e-2 and cloned into pMD18-T pHB2966 Ap r ; sll1415 excised with NdeI and XhoI from pHB2960 and cloned between the NdeI and XhoI sites of pET21b pHB2968
Ap r Sp r ; ⍀-P petE -sll1415 excised from pHB2952 with PvuII cloned into EcoRI-cut and T4 DNA polymerase-blunted pKW1188 pHB3043 Ap r ; PCR fragment containing slr0400 amplified with primers slr0400e-1 and slr0400e-2 and cloned into pMD18-T pHB3049 Ap r ; slr0400 excised with NdeI and XhoI from pHB3049 and cloned between the NdeI and XhoI sites of pET21b pHB3119 Ap r ; PCR fragment containing ORF of slr0400 amplified with primers slr0400e-3 and slr0400e-4 and cloned into pMD18-T pHB3128
Ap r Sp r ; ⍀-P petE fragment excised with SalI and BamHI from pHB1524, blunted with T4 DNA polymerase, and cloned into the XbaI-cut and T4 DNA polymerase-blunted pHB3119 pHB3129
Ap r Sp r ; ⍀-P petE -slr0400 excised from pHB3128 with PvuII and cloned into EcoRI-cut and T4 DNA polymerase-blunted pKW1188 pET21b Ap r ; overexpression vector (Novagen, EMD Chemicals Inc.) pKW1188
Ap r Km r ; plasmid bearing the neutral integrative platform for Synechocystis sp. PCC 6803 (9, 36) pMD18-T Ap r ; T-cloning vector (Takara, Japan) pRL446
Ap r Km r ; plasmid containing kanamycin resistance cassette C.K2 (7)
Plasmid construction. Molecular manipulations were performed according to standard protocols. Molecular tool enzymes were used according to instructions provided by the manufacturers. PCR fragments cloned into pMD18-T (Takara) were confirmed by sequencing. Details of plasmid construction processes and primers used are described in Table 1 .
Plasmid pHB787 was used to inactivate sll1415 in Synechocystis sp. PCC 6803, pHB2970 was used to inactivate slr0400, pHB2968 was used to complement the sll1415 mutant, pHB3129 was used to complement the slr0400 mutant, pHB2966 was used to express recombinant Sll1415 in Escherichia coli, and pHB3049 was used to express recombinant Slr0400 in E. coli.
Expression of Synechocystis NADK genes in Escherichia coli. E. coli BL21(DE3) cells were transformed with plasmids pET21b, pHB2966, and pHB3049, respectively. E. coli cells were grown in LB medium supplemented with 50 g/ml ampicillin and induced with 0.5 M isopropyl-␤-D-thiogalactopyranoside (IPTG) for 10 h at 30°C.
Assays of NAD kinase activity. E. coli or cyanobacterial cells were harvested by centrifugation at 4°C, washed twice with 50 mM Tris-HCl (pH 7.5), and resuspended in the same buffer. Cells were broken by sonication, cell debris was removed by centrifugation at 4°C, and the supernatants were used for NAD kinase assays. NAD kinase assays were performed according to a previously described two-step procedure (11), with modifications. The reaction mixture used in the first step included 5.0 mM NAD, 10 mM MgCl 2 , 10 mM ATP, and 100 mM Tris-Cl (pH 7.5) in a total volume of 200 l. Reactions were initiated by the addition of 10 l of the crude enzyme extracts to the mixture, allowed to proceed at 30°C for 30 min, and stopped by heating at 100°C for 90 s, followed by centrifugation to remove denatured proteins. The NADP ϩ produced in the first step was reduced to NADPH and quantified by determining the absorbance at 340 nm. The reduction was achieved by the addition of glucose-6-phosphate to a final concentration of 10 mM and 2 units of yeast glucose-6-phosphate dehydrogenase. One unit of enzyme activity was defined as nmol NADP(H) produced in 1 h at 30°C, and the specific activity was expressed in U · mg protein Ϫ1 for E. coli cells or U · mg chlorophyll a (Chl a) Ϫ1 for cyanobacterial cells. The concentration of the protein was determined as described previously by Bradford (4). Chl a was extracted with methanol and measured as described previously by Lichtenthaler (20) .
Measurements of G6P and 6PG. The levels of G6P (glucose-6-phosphate) and 6PG (6-phosphogluconate) were determined as described previously (12), with modifications. The supernatants of cyanobacterial lysates were boiled for 10 min to inactivate enzymes in the extracts and centrifuged to remove denatured proteins. The level of G6P was determined by measuring the increase of the A 340 of the reaction mixture (0.2 ml) containing 0.02 ml of heat-treated extracts, 50 mM TrisHCl (pH 7.4), 10 mM MgCl 2 , 0.7 mM NADP, and 0.5 U/ml G6P dehydrogenase. The level of 6PG was determined by using the same procedure except that 6PG dehydrogenase (0.025 U ml Ϫ1 ) was used instead of G6P dehydrogenase.
Measurements of NADP(H).
NADP and NADPH levels were determined by using high-performance liquid chromatography (HPLC) as described previously (21, 25) , with modifications. Cyanobacterial cells were harvested by centrifugation at 4°C, resuspended with 200 l of 0.5 M KOH, and propelled through a 23-gauge needle on a 1-ml syringe. After incubation on ice for 5 min, the extracts were neutralized with 100 l of 1 M H 3 PO 4 . The supernatant was recovered by centrifugation at 12,000 ϫ g at 4°C for 5 min and filtered with a 5-kDa-cutoff filter (Millipore). The nucleotides in the filtrates were immediately separated by using a reversephase ion-pairing HPLC instrument (LC-20A; Shimada, Japan) equipped with an SPD-20A photodiode array detector (Shimadzu, Japan). NADP and NADPH were quantified based on the use of standards.
qRT-PCR. Total RNA was extracted from cells by using TRIzol reagent (Invitrogen), treated with RNase-free DNase I (Promega, Madison, WI), and reverse transcribed with the PrimeScript reverse transcription system (Takara, Dalian, China) according to the manufacturer's instructions. Quantitative real-time PCR (qRT-PCR) was conducted by using an ABI StepOne PCR system (Applied Biosystems) with a reaction mixture of 20 l containing 0.3 M each primer, 10 l of SYBR Premix DimerEraser PCR master mix (2ϫ), 0.4 l ROX reference dye (50ϫ) (Takara, Dalian, China), and 2 l of template cDNA (100 ng). qRT-PCR was carried out with the following steps: an initial denaturation step at 95°C for 1 min followed by 40 cycles of 95°C for 5 s, 60°C for 30 s, and 72°C for 31 s. All samples were tested in triplicate, and a no-template control was included for each run. The relative abundance of each transcript was calculated from the standard curve with software provided by the manufacturer. rnpB (RNase P subunit B) (35) was used as the internal control. The primers for sll1415, slr0400, sll1621, slr1843, and rnpB are listed in Table 1 . Two independent experiments were performed, which showed consistent results.
Phylogenetic analysis of NADKs. NADK amino acid sequences were retrieved from Cyanobase (http://genome.kazusa.or.jp/cyanobase/) and the NCBI GenBank database (http://www.ncbi.nlm.nih.gov/protein/). ClustalW and Mega 4 (http://www.ch.embnet.org/software/BOX_form .html) were employed for the phylogenetic analysis. A neighbor-joining (NJ) tree based on 1,000 bootstrap replicates was constructed.
RESULTS AND DISCUSSION
slr0400 and sll1415 are NADK genes in Synechocystis sp. PCC 6803. In Synechocystis sp. PCC 6803, slr0400 (chromosomal bp 2149333 to 2150250) and sll1415 (chromosomal bp 1602482 to 1603405) are predicted to encode NADKs. All conserved motifs of NADKs, including the motifs GGDG, NE/D, and conserved region II, are found in their deduced amino acid sequences (see Fig.  S1 in the supplemental material). To test the NADK activities of the encoded products, we expressed these two genes from the T7 promoter in E. coli. The expressions of slr0400 and sll1415 increased the NADK activity in the crude cell extracts of E. coli BL21(DE3) from 3.1 Ϯ 1.2 U · mg protein Ϫ1 (pET21b) to 8.2 Ϯ 1.8 U · mg protein Ϫ1 (pHB3049) and 113.6 Ϯ 5.5 U · mg protein Ϫ1 (pHB2966), respectively. E. coli cells expressing slr0400 produced an extra lower band (ϳ31 kDa) in addition to the one of the expected size (ϳ34 kDa) (see Fig. S2 in the supplemental material), and recombinant Slr0400 appeared to possess lower levels of NADK activity than recombinant Sll1415.
On the other hand, we examined their effects on the NADK activity of Synechocystis sp. PCC 6803. Two mutants, slr0400::C.K2 (DRHB2970 in Table 1 ) and sll1415::C.E1 (DRHB787 in Table 1) , were generated by the insertion of antibiotic resistance cassettes into these genes (Fig. 1A to C) . The NADK activity of the sll1415:: C.E1 mutant was reduced to about 14% of that of the wild type, while the slr0400::C.K2 mutant retained about 77% of the NADK activity compared to that of the wild type. We also complemented the mutants with slr0400 or sll1415. The DNA fragment containing only slr0400 (chromosomal bp 2149317 to 2150274) or sll1415 (chromosomal bp 1602336 to 1603446) was cloned downstream of the P petE promoter and integrated into a neutral platform (9) in the genome. The complementation of the slr0400::C.K2 mutant with P petE -slr0400, or the complementation of the sll1415::C.E1 mutant with P petE -sll1415, completely restored the NADK activities in the mutants to the wild-type level (Fig. 1D) . The complementation experiment indicated that the phenotype of each mutant was not due to a second mutation or a polar effect. The cross-complementation of the slr0400::C.K2 mutant with P petEsll1415 resulted in higher levels of NADK activity, and the crosscomplementation of the sll1415::C.E1 mutant with P petE -slr0400 resulted in lower levels of NADK activity, than the wild type level.
In combination with the activities of recombinant Slr0400 and Sll1415 in E. coli, this result suggested that Slr0400 should contribute less than Sll1415 to the cellular NADK activity in the cyanobacterium. Although each of the NADK genes was readily inactivated in Synechocystis sp. PCC 6803, the inactivation of sll1415 in the slr0400::C.K2 mutant or the inactivation of slr0400 in the sll1415::C.E1 mutant could not be completely segregated, suggesting that NAD kinase activity was essential for the growth of the cyanobacterium. sll1415 is required for photoheterotrophic growth. The utilization of glucose in Synechocystis sp. PCC 6803 involves the conversion of glucose to glucose-6-phosphate (G6P) and, consequently, to 6-phosphogluconate (6PG) and to ribulose-5-phosphate (R5P). Under mixotrophic conditions, the NADP(H) level in Synechocystis sp. PCC 6803 was 109.6 Ϯ 4.1 nmol · mg Chl a Ϫ1 , while that in the sll1415 mutant decreased to 37.2 Ϯ 0.8 nmol · mg Chl a Ϫ1 , and that in the slr0400 mutant was only slightly reduced (95.7 Ϯ 3.9 nmol · mg Chl a Ϫ1 ). The reduction in the NADP(H) pool may directly limit NADP-dependent reactions. We measured cellular levels of G6P and 6PG (Fig. 2) . In the sll1415 mutant, G6P was accumulated to about 3.5-fold of the wild-type level. In the slr0400 mutant, the G6P level also showed a slight increase. The accumulation of G6P should be an indication of the limited conversion of G6P to 6PG. The 6PG level, however, was determined by the rates of generation from G6P and conversion to R5P (Fig. 2) , both limited by the NADP level. Therefore, the 6PG level was not reduced in the sll1415 mutant at amplitude, in accordance with the accumulation of G6P.
We used DCMU to inhibit photosynthesis in Synechocystis sp. PCC 6803 so that the growth of these strains was based on the utilization of glucose as the sole carbon source. Under our conditions, DCMU at 5 M could completely inhibit the photoautotrophic growth of the cyanobacterium. Under photoheterotrophic conditions, the sll1415::C.E1 mutant rather than the slr0400::C.K2 mutant showed a greatly reduced growth rate relative to that of the wild type (Table 2) . A complementation of the sll1415 mutant restored photoheterotrophic growth. Under autotrophic or mixotrophic conditions, both mutants grew like the Solid circles, wild-type strain; empty squares, the slr0400::C.K2 mutant (DRHB2970); empty triangles, the sll1415::C.E1 mutant (DRHB787); solid squares, the slr0400-overexpressing strain (DRHB3129); solid triangles, the sll1415-overexpressing strain (DRHB2968). OD 730 , optical density at 730 nm. wild type. These results indicated that sll1415 is required for the photoheterotrophic growth of the cyanobacterium.
sll1415 affects cellular redox homeostasis. In cyanobacteria and plants, methyl viologen (MV) can efficiently accept the electron from photosystem I and reduce O 2 into O 2 Ϫ , which damages macromolecules and membranes. Due to the superoxidescavenging systems, Synechocystis sp. PCC 6803 can tolerate a relatively low concentration (for example, 0.5 M) of methyl viologen (34) . The scavenging of superoxide, however, eventually depends on the reducing equivalents, such as NADPH, in cells (14) . We compared the growths of the NADK gene mutants and the wild-type strain in BG11 medium with different concentrations of MV (Fig. 3) . These strains showed no difference in medium without MV. With the increase in the level of MV, the growths of these strains ceased at different concentrations: the sll1415 mutant showed no growth at 0.75 M, and the slr0400 mutant showed no growth at 1.0 M, while the wild type showed no growth at 2.0 M. On the other hand, the supplementation of P petE -sll1415 or P petE -slr0400 to the wild-type genome to enhance their expression increased the tolerance to MV, as shown by the growth at 1 M MV (Fig. 3) .
Because sll1415 and slr0400 affect the sensitivity to MV, we wondered if they are inducible in response to MV-induced oxidative stress. The transcript abundances of these two genes and sll1621, which was used as the positive control, were evaluated by qRT-PCR. sll1621, as a type II peroxiredoxin gene, is inducible by MV and is involved in the cellular defense against oxidative stress (18, 31) . As shown in Fig. 4A , neither of the two NADK genes was induced by MV, while sll1621 showed a rapid response. On the other hand, we wondered if genes that are responsive to oxidative stress are induced by the NADK gene mutations. In addition to sll1621, we used slr1843, the G6P dehydrogenase gene, as an indicator. slr1843 is involved in oxidative defense due to its role in the generation of NADPH. The inactivation of sll1415 significantly increased the expression levels of sll1621 and slr1843, suggesting that the cellular redox homeostasis was disturbed (Fig. 4B) . Also, slr0400 showed significantly higher expression levels in the sll1415 mutant than in the wild type. The increased expression level of slr0400 was probably a strategy to compensate for the inactivation of sll1415. When glucose was supplemented at concentrations of 5 mM and higher, slr1843, the gene required for the utilization of glucose, showed increased expression at the mRNA level (Fig. 4C) . Relating to heterotrophic growth, the two NADK genes, however, showed no response to the increase in the amount of glucose in the medium. The transcription of sll1621 also remained unchanged.
sll1415 and probably its homologues in other cyanobacteria are the primary NADK genes. Based on the following four lines of evidence, we conclude that sll1415 is the primary NADK gene in Synechocystis sp. PCC 6803: (i) the sll1415-null mutation affected NADK activity and the NADP(H) level more strongly than did the slr0400-null mutation; (ii) sll1415 rather than slr0400 was required for photoheterotrophic growth; (iii) sll1415 played a more important role than slr0400 in MV tolerance; and (iv) sll1415 rather than slr0400 affected the expression of oxidative stress-responsive genes. We noticed that the effects of NADK genes on the NADP(H) pool, photoheterotrophic growth, MV tolerance, and the expressions of other genes were not proportional to each other. This could be explained by the different responses of these physiological processes to the availability of NADP(H) in cells. Certain processes may be activated only when the cellular NADP(H) level is over a certain threshold.
A Blast search of cyanobacterial genomes available in the NCBI GenBank database showed that all of them possess two predicted NAD kinase genes, each grouped with sll1415 or slr0400, as shown in the dendrogram of NADK homologues in Fig. 5 . The expression of the two predicted NADK genes from Anabaena sp. strain PCC 7120 also increased NADK activities in E. coli (data not shown). It is reasonable to hypothesize that the homologues of to Sll1415 (GenBank accession number NP_441342) and Slr0400 (accession number NP_441852) from Synechocystis sp. PCC 6803. Alr0227 (accession number NP_484271) and All4751 (accession number NP_488791) are from Anabaena/Nostoc sp. strain PCC 7120; Tll0858 (accession number NP_681648) and Tlr0484 (accession number NP_681274) are from Thermosynechococcus elongatus BP-1; Gll0473 (accession number NP_923419) and Gll3525 (accession number NP_926471) are from Gloeobacter violaceus PCC 7421; Cya_2264 (accession number YP_475664) and Cya_0282 (accession number YP_473767) are from Synechococcus sp. strain JA-3-3Ab; Cce_4075 (accession number YP_001805489) and Cce_0805 (accession number YP_001802222) are from Cyanothece sp. strain ATCC 51142; Mae_06720 (accession number YP_001655686) and Mae_43430 (accession number YP_001659357) are from Microcystis aeruginosa NIES-843; AM1_1113 (accession number YP_001515466) and AM1_0782 (accession number YP_001515140) are from Acaryochloris marina MBIC11017; PMT_2016 (accession number CAE22190) and PMT_0368 (accession number CAE20543) are from Prochlorococcus marinus MIT9313; Syn7942_2304 (accession number YP_401321) and Syn7942_1865 (accession number YP_400882) are from Synechococcus elongatus PCC 7942; PMP_0156 (accession number NP_892277) and PMP_1269 (accession number NP_893386) are from Prochlorococcus marinus subsp. pastoris strain CCMP1986; PMM_0180 (accession number NP_874574) and PMM_1343 (accession number NP_875734) are from Prochlorococcus marinus subsp. marinus strain CCMP1375; Lyn8106_02482 (accession number ZP_01622166) and Lyn8106_28886 (accession number ZP_01621456) are from Lyngbya sp. strain PCC 8106; Tery_1770 (accession number YP_721503) and Tery_3163 (accession number YP_722764) are from Trichodesmium erythraeum IMS101; Cwat_4167 (accession number ZP_00515774) and Cwat_0089 (accession number ZP_00519346) are from Crocosphaera watsonii WH 8501; MJ0917 (accession number NP_247912) is from Methanocaldococcus jannaschii DSM 2661; YfjB (accession number NP_417105) is from Escherichia coli K-12; PpnK (accession number NP_216211) is from Mycobacterium tuberculosis H37Rv; Pos5P (accession number NP_015136), Utr1P (accession number NP_012583), and Yef1p (accession number NP_010873) are from Saccharomyces cerevisiae; AtNADK-1 (accession number NP_974347), AtNADK-2 (accession number NP_177980), and AtNADK-3 (accession number NP_564145) are from Arabidopsis thaliana; and human NADK (accession number NP_075394) is from Homo sapiens. The bar indicates 0.2 substitutions per site.
sll1415 in other cyanobacteria are also the primary NADK genes. However, it remains to be answered why all these cyanobacterial species have two NADK genes, with one of them being the major player in the conversion of NAD to NADP. The coexistence of two encoding genes for the same enzyme activity may imply functional divergence. For example, the two glycogen phosphorylase genes in Synechocystis sp. PCC 6803 actually play different roles in hightemperature tolerance and glycogen utilization (8) . The additional physiological function, if any, of slr0400 in the cyanobacterium awaits investigations.
